Abstract. Human safety becomes critical when robot enters the human environment. Compliant control can be used to address some safety issues in human-robot physical interaction. This paper proposes an integral sliding mode controller (ISMC) based compliance control scheme for the Bristol Robotics Laboratory's humanoid BERT II robot arm. Apart from introducing a model reference compliance controller, the ISMC scheme is aimed to deal with the robot arm dynamic model's inaccuracies and un-modelled nonlinearities. The control scheme consists of a feedback linearization (FL) and an ISMC part. In addition, a posture controller has been incorporated to employ the redundant DOF and generate human like motion. The desired level of compliance can be tuned by selecting the stiffness and damping parameters in the sliding mode variable (compliance reference model). The results show that the compliant control is feasible at different levels for BERT II in simulation and experiment. The positioning control has been satisfactorily achieved and nonlinearities and un-modelled dynamics have been successfully overcome.
Introduction
As robots are stepping into social environment, the need for more suitable and safe (compliant) control strategies are even more important (Khan et al., 2010a (Khan et al., , b, 2014a Rezoug and Hamerlain, 2014; Islam et al., 2014; Iqbal et al., 2014; Ding and Fang, 2013) . Both human and robot safety is still one of the major issues in social robotics. Compliance (low stiffness) control can help addressing some safety issues (Khan et al., 2014a) . There are many ways to realise compliance control schemes for human robot physical interaction. Most of the compliance control schemes are fully or partially dynamic model based. However, dynamic models are prone to inaccuracies and nonlinearities. In such cases integral sliding mode controller (ISMC) can provide a robust control solution. In addition, model reference compliance scheme can be implemented via the ISMC more easily. Both conventional sliding mode controller (SMC) and ISMC have the following design steps (see Fig. 1 ):
1. reaching phase: the system state is driven from any initial state to reach the switching manifolds (the anticipated sliding modes) in finite time;
2. sliding-mode phase: the system is forced into sliding motion, r = 0, on the switching manifolds, i.e. the switching manifold becomes an attractor.
The above two phases correspond to the following two main design steps.
1. Switching manifold selection: a set of switching manifolds are selected with prescribed desirable dynamical characteristics. Common candidates are linear hyperplanes.
2 S. G. Khan and J. Jalani: ISMC based compliance control For an ISMC, there are a few advantages outlined by Shi et al. (2008) as compared to the SMC counterpart: Sliding motion occurs right from the start of the control action, i.e. robustness (i.e. sliding mode) is guaranteed. Thus, the reaching phase is eliminated. This is not the case for the SMC. Secondly, the position control error can have large overshoots and large deviation with respect to the designed error dynamics when a conventional SMC is used in contrast to an ISMC. Lastly, the SMC control signals often have large amplitude due to chattering. Shi et al. (2008) showed these facts for a robotic system simulation. Moreover, ISMC controller design based on a perturbation estimator has significantly reduced the amplitude of chattering. Castaños and Fridman (2006) have exploited the advantages of ISMC by combining an ISMC and H ∞ -control to bring robustness to the controller against unmatched disturbances.
One of the main advantages of the ISMC and the main reason to employ it in this work is its suitability to be used as a model reference compliance controller. This will be discussed later in the paper to modify the sliding mode variable to include force feedback for compliance control.
ISMC is a well investigated control method, although practical applications are still limited, particularly in the robotics context. Some of the reasons of this may be the jittery nature and aggressiveness in the control action of sliding mode control. These type of control schemes may pose a risk of damaging the robotic devices if not implemented with care. However, due to better understanding of these schemes and availability of good control hardware these methods are getting popularity. Shi et al. (2008) have compared traditional Sliding Mode Control and ISMC through simulation for a two-link rigid manipulator. Makoto et al. (2010) have applied the ISMC to a power-assisted manipulator with a single degree of freedom through simulation and experiment. Eker and Akinal (2008) have suggested a similar scheme using an integral sliding surface in combination with the conventional sliding mode control. They have tested the scheme on a rather simple electro-mechanical system. In our previous work (Jalani et al., 2010a, b) , an ISMC scheme for underactuated robotic fingers was simulated and experimentally tested . In this paper, experimental results of the Cartesian (x and y) ISMC control in combination with a feedback linearization (FL) and a posture controller for the four degrees of freedom of the humanoid BERT II arm (see Fig. 2 ) are presented. ISMC has been employed here to deal with uncertainties and unmodelled nonlinearities. In addition, external force (the interaction force between robot and its environment (including human) has been included in the ISMC which results into a model reference compliance controller (Jalani et al., 2013) . The dynamic model of the BERT II robot arm for the FL is obtained via MapleSim (a package of Maple) (Maplesoft, 2015) .
The redundant DOF have been used to generate movement in the most human-like posture (Spiers et al., 2009a, b; Khan et al., 2010a, b; De Sapio et al., 2005) . Spiers et al. (2009a, b) have implemented a robust version of the technique for a two degrees of freedom of a humanoid arm manipulator in real time. In their work, they were able to overcome a kinematic redundancy (i.e. multiple solutions produced by the robot arm manipulator) and human like movement of the arm manipulator was realized. This posture control is obtained by minimizing a gravity dependent cost function using inertia matrix of the 4 DOF dynamic model of the BERT II arm.
As mentioned before, compliance control in robotics is increasingly getting attention due to its relevance to safety in human robot interaction (HRI). Many researchers are looking into passive and active approaches to address part of safety issues in HRI (Braun et al., 2013; Potkonjak et al., 2011; Kim et al., 2012; Ficuciello and Villani, 2012; Di Natali and Valdastri, 2012; Ajwad et al., 2014 Ajwad et al., , 2015 . In this paper, we employ ISMC to produce compliant behaviour. A Cartesian (X, Y and Z) model reference type of ISMC compliant scheme is simulated for 4 DOF of the humanoid BERT II robot arm 1 . Different compliance levels are produced by choosing spring constant and damping coefficients in the reference model (Jalani et al., 2013; Herrmann et al., 2014) . The scheme will be used to address safety issues in human-robot interaction.
The contributions of the paper can be summarised as follows:
-introduction of an active compliance scheme via integral sliding mode control for a humanoid robot;
-combination of bio-inspired posture controller with ISMC scheme employing the redundancy;
-successful experimental testing of the ISMC tracking scheme on the Humanoid robot prototype. 
Integral sliding mode controller
Integral slide mode (ISMC) control law (Shi et al., 2008) is presented here. The ISMC based task space (Cartesian) controller is briefly explained here and experimentally tested on the Bristol Robotics Laboratory's robot arm. The integral sliding mode variable r is defined as follows :
The position error vector is given by e = X d − X, where
T the Cartesian demand position (as we are controlling x and y only). The vectorsė(0) and e(0) are the initial values of the Cartesian velocity and position error respectively. It should be noted that the values of K r and K i define the desired behaviour of the control scheme once sliding mo- tion r = 0, is achieved. Hence, it acts like a reference model for the control scheme. The matrices K r and K i in this case are diagonal (2 × 2) and having positive scalar values. As mentioned earlier, ISMC approach has an advantage in relation to other SMC methods (Shi et al., 2008; Utkin and Shi, 1996) . From Eq. (1), it is easily seen that if the correct initial values, i.e.ė(0) and e(0), are used then r(t = 0) = 0. This is important, as sliding motion is secured from the start and aggressive controller action is kept minimal.
The general structure of the robot dynamics is given by:
where ∈ Re n×n is the inertia matrix, µ ∈ Re n×1 is the coriolis/centripetal vector. ν ∈ Re n×1 is the gravity vector. τ is the input torque. The (q), µ(q,q) and ν(q) of the dynamic model (Lewis et al., 2003) for the BERT II arm has been obtained with the help of MapleSim (Khan, 2012; Maplesoft, 2015; Khan et al., 2010b ) (an associated software package of Maple). Physical parameters of the robot are listed in Table 1 . The Cartesian space dynamics are now given as follows: Instead of joint torques, the dynamics consider the forces acting on the end effector:
where
and X is the robot end-effector Cartesian position (X = [x, y] T ), and J is the Jacobian (J = δX δq ). Hence, the Cartesian velocities are defined asẊ = Jq. The matrix J is the inertia weighted pseudo Jacobian inverse (Khatib, 1987; Nemec and Zlajpah, 2000) : 4 S. G. Khan and J. Jalani: ISMC based compliance control
The Cartesian position (x and y) of the end effector is used here to define the motion task of the robot. The combination of feedback linearization and ISMC Cartesian/task control law is:
The scalars K p and K d are the proportional and the derivative gains respectively. The scalar α > 0 is normally selected large enough to reduce the effect of uncertainty and achieve robustness. The scalar ζ , is introduced to minimize chattering effect (Jalani et al., 2010a) . It should be noted that we are controlling only x and y. Hence, we have two redundant degrees of freedom. These redundant degrees of freedom are used to produce human like motion employing the posture controller presented in the next section.
Posture torque controller
As mentioned in the previous section, the ISMC scheme is applied to a multi-redundant system (i.e. 4 DOF, shoulder flexion, shoulder abduction, humeral rotation and elbow flexion are used, while, only 2 DOF (x and y) of the end-effector are controlled. Hence, the motion is underconstrained. Hence, a posture torque controller is employed which deals with the redundant motion, to produce human like posture. This posture controller also gives some sense of safety to the human interacting with the robot by generating human-like motion. This human like motion is achieved by minimizing an effort function (based on gravity) during reaching a particular point in the work space of the robot arm. The method here is adopted from the previous work by Spiers et al. (2009a, b ) (see also De Sapio et al., 2005) . The detailed description of the "posture" controller scheme along with experimental results can be found in Spiers et al. (2009a, b) and Khan et al. (2010a, b) . The "posture" controller τ p is in the null space of the main controller given by Eq. (5) (Cartesian controller i.e. FL + ISMC); hence, it does not affect the main controller:
where I is the identity matrix. J is the the inertia weighted pseudo Jacobian inverse:
where λ is the inertia matrix given by Eq. (2). The posture torque, τ p is defined as:
where, K pp and K dp are proportional and derivative gains respectively. U is the effort function defined as:
and ν is the gravitational vector term from Eq. (2), and K has n × n dimensions in our case, actuator activation diagonal matrix (having positive diagonal elements). The diagonal values K i , define the relative preferential weighting of each actuator (i = 1 . . . n).
To get acceptable posture control performance, a good model of the inertia matrix λ is required (in order to calculate Jacobian inverse given by Eq. 7).
The Cartesian control law (ISMC + FL) Eq. (5) is required for a better tracking accuracy. The control scheme is shown in Fig. 3 and the applied torques to the robot joints are given by τ = J T F + (I − J T J T )τ p
ISMC Cartesian controller results discussion
In this section experimental results are included for ISMC based tracking controller for 4 DOF robot arm. Also, simulation is included for the model reference compliance control scheme in Sect. "Model reference compliance control simulation using ISMC". For the real time implementation of the control scheme, a dSPACE DS1106 embedded system is employed. A sampling time of 1 ms is used. The BERT II robot arm uses optical encoders for position and velocity measurements (see Fig. 4 ). As mentioned before, four degrees of freedom namely, shoulder flexion, shoulder abduction, humeral rotation and elbow flexion of the BERT II robot arm (Fig. 2) are used. The end-effector position is specified with respect to the fixed coordinate frame in the shoulder of the BERT II arm (see Fig. 4 ).
ISMC controller tuning is simple. Choosing suitable value for α > 0 large enough to reduce the effect of uncertainty and achieve robustness. The scalar ζ , is selected to minimize the chattering effect (Jalani et al., 2010a; Herrmann et al., 2014) .
Figures 5-6 show experimental results for ISMC based task space controller. In the real robot experiment 1 (Fig. 5) , a multi-step demand is applied in the x direction while a constant demand is applied in the y direction. Tracking error is also shown which is very small. The control tuning parameters for experiment 1 are:
In another real experiment (Fig. 6) , a sine wave demand is applied in x and a constant demand is applied in the y direction. The tracking error shown in Fig. 6 for experiment 2. Efficient real-time tracking results demonstrate the effectiveness of the proposed control scheme for our BERT II robot arm. The following control tuning parameters are used for experiment 2:
The scheme is effectively dealing with the deficiencies and uncertainties in the dynamic model. The ISMC has almost eliminated the chattering effect which normally would occur with traditional sliding mode schemes. The real advantage of this scheme here is to enhance the feedback linearization controller (using the 4 DOF dynamic model of the BERT II robot arm) with the ISMC to overcome the nonlinearities and unmodelled dynamics.
Model reference compliance control using ISMC
In this section, an ISMC based model reference compliance controller scheme is presented. This compliance scheme is similar in nature to the model reference adaptive compliance presented in (Khan et al., 2010b (Khan et al., , 2014b , Khan and Herrmann (2014) and Colbaugh et al. (1996) However, here this scheme is much simpler and solely based on ISMC. The reference model is inside the sliding mode variable r. While in Khan et al. (2010b Khan et al. ( , 2014b , Khan and Herrmann (2014) and Colbaugh et al. (1996) the reference model is "external" where, tracking demand is modified (using force feedback) to compensate the external forces. The sliding mode element r given by Eq. (1) is modified to introduce the compliance effect based on the external sensed force via joint torque sensors (Jalani et al., 2013; Herrmann et al., 2014) :
where, G f is a positive scalar and H is the externally sensed force via joint torque sensors. The K r is the damping coefficient here and K i is the spring constant. The values of spring constant and damping coefficient can be used to get suitable level of compliance. If we consider the derivative of sliding mode element s in Eq. (10) (Jalani et al., 2013) :
When the sliding mode is achieved i.e. r = 0 andṙ = 0, then Eq. (11) becomes:
Hence, the Cartesian error dynamics reduces to a second order mass-spring-damper system. The compliance behaviour of this reference model can be tuned by the selection of K r , K i and G f .
Model reference compliance control simulation using ISMC
In this section a compliance control scheme realised via ISMC is simulated on the BERT II arm. The is a similar Cartesian space (x, y and z) scheme to the one presented and experimental result were presented in Sect. 2. However, here is focus on compliant behaviour. Figure 7 shows the compliance simulation results. External forces of 5 N are applied on x and z direction while K r = 8 N s m −1 and K i = 10 N m −1 . In the absence of external forces, the controller will track the reference position demands (in this case a constant demand for x, y and z). In the presence of external forces robot will follow a modified trajectory (x d , y d and z d ) to compensate for the forces and behave compliantly. The compliance level is created by choosing the values K r and K i . Similarly, in Fig. 8 , another set of compliance results are shown. The scheme can be made more compliant by selecting lower value for K r . It should be noted that joint torques sensors/end effector force sensor are essential for real implementation of this controller . It is worth pointing out that decoupling external torques from robot body-own torques may be challenging. However, we have addressed this issue to some extent in our previous work (Khan et al., 2014b (Khan et al., , 2010a . It is to be noted that the geometric split- ting (i.e. decoupling torques) of the control task of the endeffector and the control of the redundant degrees of freedom has been introduced by (De Sapio et al., 2005) . The idea is that multiple configurations were avoided by introducing and minimizing cost which resolves the redundancy issues. Other applications by using decoupling technique can be found in Herrmann et al. (2014) and Spiers et al. (2009a, b) .
Conclusions
Safe physical human robot interaction lies in the core of social robotics. Safety needs multi-dimensional approach and compliance alone cannot solve safety problem. However, compliance can play an important role in providing immediate layer of safety. In this paper, compliance control has been realised through a model reference integral sliding mode control. An ISMC tracking control scheme is turned into a model reference compliance controller, by introducing external force feedback into the sliding mode element. The de- sired compliance level can be achieved simply by changing the derivative and integral gain in the sliding mode variable r. ISMC is simple and very easy to implement. The tuning of the control scheme for the desired performance is also very straightforward as there are not many parameters to be tuned. Real-time Cartesian position tracking results and compliance control simulation included here highlights the flexibility of ISMC based control and its effectiveness to be used as model reference compliance control scheme. The ultimate goal of this work is to use the ISMC based control scheme for safe human-robot interaction.
